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ABSTRACT 


In  this  study,  the  microwave  absorption  characteristics  of  metallic  glass  /  polymer  composites 
were  investigated.  Electromagnetic  wave  absorption  properties  in  the  microwave  spectrum  are  of 
particular  importance  to  military  applications.  Radar  absorbing  materials  have  been  studied  for 
years  and  are  of  strategic  importance  for  stealth  technology.  This  work  examined  high  magnetic 
permeability  cobalt-based  metallic  glasses  dispersed  in  epoxy  matrices  and  measured  the 
reflection  loss  behavior  of  the  composites  in  the  C-band  and  X-band  spectrum.  Results  have 
shown  that  the  metallic  glass  composites  have  good  absorption  in  the  region  of  interest  due  to  the 
absorption  properties  of  the  glass  particles  and  the  graded  structure  of  the  composite. 

BACKGROUND 

Microwaves  range  in  frequencies  from  0.3GHz  to  300  GHz,  covering  the  EM  spectrum  from 
radio  waves  to  far-infrared  frequencies.  X-band  radar,  for  example,  is  in  this  spectrum  and  is 
between  8-12  GHz.  Radar  absorbing  materials  research  began  in  the  1930’s  and  continues  to  the 
present  day.  Lossy  materials  such  as  carbonyl  iron  and  ferrites  have  been  used  in  stealth 
technology  as  well  as  other  electromagnetic  shielding  applications  in  general.  Recently,  there  has 
been  research  to  examine  materials  such  as  nano-particles,  polymers,  and  other  metamaterials. 
Radar  absorbing  materials  work  by  reducing  the  amount  of  reflected  energy  to  the  radar  by 
means  of  absorption  processes.  This  can  occur  by  the  placement  of  dielectric  or  magnetic 
materials  at  the  surface  of  the  object  which  provides  impedance  to  the  incoming  electromagnetic 
wave.  The  radar  absorbing  materials  transfer  the  incoming  EM  energy  into  heat  within  the 
material.  This  type  of  material  is  classified  as  “lossy”.  The  loss  mechanisms  are  associated  with 
the  complex  permittivity  (s)  and  the  complex  permeability  (p).  These  values  are  expressed  by, 

s  =  s'  —  is" 

jU  =  ju'  —  in" 

where  the  real  part  (energy  storage)  is  shown  as  a  prime  and  the  imaginary  part  (energy  loss)  is 
shown  as  a  double  prime.  The  loss  in  the  material  occurs  when  the  microwave  frequencies 
transfer  energy  to  the  atoms  in  the  material  and  the  molecular  dipoles  oscillate.  The  loss  tangent 
is  expressed  as: 

tande  =  s" /s' 

tan  =  n"  / 11' 


Metallic  glasses,  or  amorphous  metals,  are  essentially  frozen  liquids  with  amorphous  atomic 
structure,  e.g.  no  long  range  atomic  order  as  would  be  seen  in  a  crystalline  material.  Figure  1 
shows  an  amorphous  atomic  arrangement  on  the  left  and  a  crystalline  order  on  the  right.  These 
materials  can  have  attractive  properties  such  as  high  strength  and  modulus  and  interesting 
electrical  and  magnetic  properties. 
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Figure  1:  Atomic  arrangement  in  a  glass  (left)  and  a  crystal  (right). 


The  interaction  of  microwaves  with  metallic  glass  has  been  studied,  for  scenarios  such  as  heating 
and  sintering  [1,2].  Metallic  glasses  have  also  been  studied  extensively  due  to  their  soft 
magnetic  properties  and  applications  for  toroidal  cores  [3,  4],  As  is  the  case  in  this  current 
research,  some  have  looked  at  metallic  glasses  in  polymers  [5,  6,  7].  In  1980  Kadir  et  al  made 
composites  of  metallic  glass  ribbon  and  epoxy  to  examine  the  mechanical  strength  and  observed 
good  interfacial  contact  between  the  glass  ribbons  and  the  epoxy  [6].  Powell  et  al  investigated 
metallic  glass  in  polymer  paste  for  magnetic  properties.  MetGlas  amorphous  metal  ribbon  was 
annealed  and  high  energy  ball-milled  into  powders.  Post-milling  anneals  below  the  glass 
crystallization  temperature  were  used  to  develop  superior  magnetic  properties  and  to  reduce  the 
internal  stresses  of  the  ribbon  imparted  during  milling.  This  anneal  improves  the  magnetic 
properties  and  can  also  be  performed  under  magnetic  fields  in  order  to  further  increase  the 
permeability  of  the  material. 

Materials  like  ferrites  [8,  9,  10]  and  carbonyl  iron  have  been  traditionally  used  in  radar  absorbing 
applications.  More  recently,  many  types  of  materials  have  been  examined  for  microwave 
absorption.  Materials  such  as  nanotubes  and  nanoparticles  have  been  examined  for  their 
absorption  properties  [11,  12,  13,  14,  15,  16,  17].  Analytical  models  exist  that  describe 
composite  materials  that  contain  magnetic  particles.  These  models  can  be  used  to  predict  the 
effective  permeability  of  a  composite  [18].  The  symmetrical  Bruggeman’s  formula  can  be  used 
for  effective  permeability  of  a  mixture  of  randomly  oriented  ellipsoidal  inclusions  of  intrinsic 
permeability  p  in  the  background  medium: 


3 


where  Vj  is  the  volume  fraction  of  the  magnetic  inclusions,  p,  is  the  permeability  of  the 
background  matrix,  which  may  be  non-magnetic  (p,=l),  and  p  is  the  intrinsic  permeability  of 
the  particles.  Though  this  equation  takes  into  account  shape  factors,  the  resultant  peff  turns  out  to 
substantially  overestimate  realistic  permeability  obtained  using  the  asymmetric  Bruggeman’s 
formula,  or  1/3-power  mixing  rule,  for  spherical  inclusions,  which  is: 
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and  (a;  is  approximated  to  be  pbAT+apb)  for  pb»l,  where  a=5/d  and  5  is  the  average  gap 
between  crushed  magnetic  particles  and  d  is  the  average  diameter  of  these  pieces  if  all  the 
particles  were  pressed  into  a  solid  and  its  intrinsic  permeability  was  measured.  This  type  of 
modeling  analysis  was  intended  for  this  project,  however,  due  to  difficulties  in  measuring  the 
permeability  of  the  composites,  the  analysis  was  not  performed. 

EXPERIMENTAL  PROCEDURE 

Two  cobalt  based  metallic  glasses  were  used  in  this  project.  The  first  composition  was  made 
from  mechanical  alloying  of  amorphous  powders  of  cobalt,  iron  and  silicon.  The  “powder  to 
powder”  materials  were  85Co-10Si-5Fe  (NanoAmor,  Houston,  TX)  by  weight.  These  powders 
had  a  density  of  approximately  6.88  g/cc.  The  second  metallic  glass  composition  was  made  from 
milling  MetGlas  2714A  (MetGlas,  Conway,  SC)  metallic  glass  ribbon.  This  ribbon  material  had 
a  nominal  composition  of  85Co-9Si-4Fe-lNi-lB  and  a  density  of  7.59  g/cc.  After 
milling/mechanical  alloying  was  completed,  the  powders  were  annealed.  The  powders  must  be 
annealed  after  milling  in  order  to  relieve  stresses  incurred  from  the  milling  process  and  to 
enhance  their  magnetic  properties.  Careful  attention  must  be  given  to  the  crystallization 
temperature  so  that  the  amorphous  structure  does  not  transform  to  the  more  stable  crystalline 
atomic  structure.  The  ribbon  derived  material  was  annealed  at  400°C  for  1  hour  in  vacuum  and 
remained  99%  amorphous.  The  annealing  temperature  for  the  powder  derived  material  was 
determined  to  be  300°C.  The  material  was  consequently  annealed  for  1  hour  in  vacuum  at  this 
temperature  with  a  final  amorphous  content  between  70-90%.  The  final  particle  size  distribution 
for  the  powder  derived  material  was  2-25  microns  and  2-50  microns  for  the  ribbon  derived 
material. 

Epoxy  was  chosen  as  the  polymeric  matrix  material  for  the  metallic  glass  composites.  Epoxy 
2000  (Fibre  Glast,  Brookeville,  OH)  epoxy  resin  and  hardener  system  was  used  for  this  study. 
Metallic  glass  powders  were  mixed  with  the  resin  and  hardener  in  a  Flacktek  DAC  150  FVZ-K 
high  shear  mixer  for  1  minute  at  1000  rpm  and  2  minutes  at  2000  rpm.  The  mixed  epoxy  and 
powders  were  then  degassed  in  a  vacuum  oven  for  15  minutes  and  cast  into  silicone  molds  and 
cured  overnight  in  a  pressure  chamber  at  70  psi.  Samples  of  neat  epoxy,  5  and  15  vol%  (24wt%, 
52wt%)  85Co-10Si-5Fe,  and  5  and  15  vol%  (26wt%,  55wt%)  85Co-9Si-4Fe-lNi-lB  were  made. 
The  MetGlas  derived  samples  (85Co-9Si-4Fe-lNi-lB)  were  given  the  nomenclature  M5  and 
M15  and  the  powder  derived  material  (85Co-10Si-5Fe)  were  given  the  nomenclature  P5  and 
P15.  The  samples  had  the  dimensions  l  =  w=  1.5  inches  and  a  nominal  thickness  of  0.25  inch. 
The  composites  were  post-cured  at  90°C  for  4  hours.  The  P15  and  P15  samples  had  densities  of 
1.45  g/cc  and  1.98  g/cc,  respectively,  and  the  M5  and  M15  samples  had  densities  of  1.48  g/cc 
and  2.09  g/cc,  respectively.  After  the  samples  were  machined  for  testing,  the  samples  had  the 
dimensions  shown  in  Table  1.  Examination  of  the  fracture  surface  showed  no  signs  of  porosity. 
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Table  1:  Dimensions  of  samples  for  testing. 


Tests  atAFRL  (Berrie  Hill  Corporation) 

The  test  setup  for  a  generic  waveguide  is  shown  in  Figure  2.  Since  the  desired  range  to  be 
measured  was  5-12.4  GHz,  two  waveguide  systems  had  to  be  used.  The  high  C-band 
waveguide  covered  the  range  of  5  -  8.2  and  the  X-band  waveguide  covered  8.2  -  12.4  GHz. 
When  using  the  waveguide  system  to  determine  material  parameters,  the  material  is  placed  in  the 
waveguide  and  the  scattering  parameters  (refl  -  SI  1,  S22,  trans  -  S21,  SI 2)  are  measured.  Figure 
2  shows  a  generic  waveguide  system. 
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Figure  2:  Generic  rectangular  waveguide  system. 

An  Agilent  E8361 A  Programmable  Network  Analyzer  (PNA)  was  used  to  record  the  data.  The 
settings  for  the  PNA  are  shown  in  Table  2.  A  second  series  of  measurements  was  taken  with  a 
metal  short  next  to  the  sample  holder.  Only  the  S 1 1  parameters  were  measured  for  these,  as  the 
rest  of  the  parameters  are  meaningless.  This  second  series  of  measurements  allow  us  to  find  an 
absorption  curve  for  the  materials  over  the  desired  frequencies.  Both  sides  of  each  sample  were 
measured  using  this  test  configuration,  as  seen  in  Figure  3,  as  an  incoming  wave  will  behave 
differently  depending  on  the  side  of  the  inhomogeneous  material  it  approaches.  The  epoxy 
sample  only  needed  one  side  of  the  metal-backed  test  to  be  performed  since  it  is  a  homogeneous 
material. 


Averaging 

Off 

Port  output  power 

-10  dBm 

Intermediate  Freq  BW 

300  Hz 

Number  of  data  points 

801 

Sweep  npe 

Stepped 

frequency.  0  ms 

dwell  tune 

System  Zo 

1  Q 

Calibration  type 

TRL 

Table  2:  Network  analyzer  settings. 
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Figure  3:  Diagram  of  the  two  orientations  for  metal  backed  test. 


Figure  4:  Rectangular  X-band  waveguide  setup  (left)  and  metal  backed  test  setup  (right). 

The  X-band  waveguide  setup  is  seen  in  Figure  4.  The  waveguide  is  held  by  a  sliding  metal 
bracket  that  can  be  locked  down  while  the  sample  holder  is  inserted  or  removed.  The  metal 
bracket  helps  reduce  the  amount  of  cable  motion  during  the  testing  process,  reducing  the  amount 
of  error  created.  The  C-band  waveguide  system  was  also  put  into  the  metal  bracket  while  those 
samples  were  being  tested.  During  this  test  the  inclusion  rich  side  of  the  sample  was  placed  in  the 
sample  holder  facing  toward  Port  1 .  Figure  4  shows  the  X-band  metal  backed  testing  setup.  The 
sample  is  placed  in  the  sample  holder  such  that  one  side  of  the  sample  is  juxtaposed  with  the 
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metal  reflection  standard.  The  C-band  and  X-band  sample  holders  are  shown  in  Figure  5  and  the 
actual  samples  are  shown  in  Figure  6. 


Figure  5:  Samples  in  c-band  set-up  (left)  and  x-band  set-up  (right). 


Figure  6:  An  example  of  the  actual  test  samples  (P5  and  P15). 


RESULTS 

Material  Microstructure 

Figures  7  and  8  show  the  starting  powders  of  the  MetGlas  ribbon  derived  powders  and  the 
powder  derived  material.  The  MetGlas  derived  powder  had  a  higher  average  particle  size  as 
compared  to  the  powder  derived  material  as  can  be  seen  in  the  scanning  electron  micrographs. 
Figures  9  and  10  show  the  x-ray  diffraction  results  after  annealing  the  post-milled  powders  at 
400°C  for  1  hr.  The  ribbon  derived  powder  (Figure  9)  responded  well  and  was  99%  amorphous. 
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The  powder  derived  material  had  increased  nano-crystallinity  compared  to  the  original  material. 
The  annealing  temperature  for  the  powder  derived  material  was  lowered  to  300°C  and  had  a  final 
nano-crystallinity  content  between  10-30%.  Remnant  mixed  epoxy  and  powder  for  each  material 
composition  was  cured  and  cryo-fractured  and  viewed  in  the  electron  microscope  for  dispersion 
quality.  Figure  1 1  shows  a  5  vol%  sample  of  the  MetGlas  composite  and  Figure  12  shows  a  15 
vol%  composite.  The  metallic  glass  particles  are  clearly  seen  embedded  in  the  epoxy  matrix, 
with  a  higher  density  of  particles  seen  in  the  15  vol%  composite. 
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Figure  9:  XRD  of  the  post-annealed  ribbon  derived  powder. 


Figure  10:  XRD  of  the  post-annealed  powder  derived  powder.  Subsequent  annealing  was  changed  to  300C. 
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Figure  11:  Fracture  surface  of  5  vol%  MetGlas  powder  composite. 


Figure  12:  Fracture  surface  of  15  vol%  MetGlas  powder  composite. 
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Figure  13:  EDS  map  of  5  vol%  composite  showing  location  of  the  metallic  glass  particles.  The  Fe  spectra  is 
superimposed  on  the  SEM  micrograph. 

Energy  Dispersive  Spectroscopy  was  used  to  map  the  major  elements  of  the  metallic  glass 
particles  embedded  in  the  epoxy  matrix.  The  glass  particles  are  clearly  differentiated  on  the 
fracture  surface  when  the  EDS  map  for  iron  is  superimposed  on  the  SEM  micrograph.  The  EDS 
maps  for  Co,  Si  and  Fe  all  coincide  with  each  other  on  the  location  of  the  metallic  glass  particles 
in  Figure  13.  While  viewing  the  fracture  surfaces  in  the  electron  microscope  it  was  observed  that 
the  lower  region  of  the  fracture  surface  had  a  higher  density  of  metallic  glass  particles,  while  the 
top  portion  was  relatively  void  of  the  material  (Figure  14).  This  figure  clearly  shows  a  very  well 
functionally  graded  material  with  higher  metallic  particle  concentration  on  the  bottom  of  the 
sample  (relative  to  how  it  was  oriented  during  curing)  and  lower  concentration  at  the  top.  It 
appears  the  larger,  heavier  particles  settled  to  the  bottom  and  smaller  particles  experienced  less 
settling,  as  one  would  expect  to  see  in  a  viscous  fluid.  Based  on  a  visual  inspection,  the  volume 
fraction  of  particles  on  the  inclusion  rich  side  of  the  composite  is  likely  to  be  between  30-50%. 
The  specific  gravity  of  the  epoxy  is  1.12  g/cc  and  the  densities  of  the  MetGlas  powder  and 
Powder  derived  powder  are  7.59  g/cc  and  6.88g/cc,  respectively.  The  epoxy  viscosity  was 
approximately  950  cps.  A  lower  viscosity  epoxy  combined  with  dense  glass  particles  likely 
resulted  in  significant  settling  of  the  particles  during  the  first  few  hours  of  curing.  For  this 
reason,  reflection  loss  measurements  were  made  on  both  sides  of  the  sample.  The  interface 
between  the  glass  particles  and  the  epoxy  resin  is  seen  in  Figure  15.  There  appears  to  be  small 
gaps  between  the  particle  and  matrix  indicating  poor  interfacial  bonding.  This  has  been  reported 
previously  in  the  literature  [6]. 
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Figure  14:  Fracture  surface  of  15vol%  MetGlas  (Sample  M15)  showing  settling  of  particles  towards  bottom 
(right)  of  specimen.  The  top  portion  of  the  figure  is  entire  cross  section  of  the  M15  sample.  The  bottom  three 
micrographs  show  higher  magnification  of  the  top,  middle,  and  bottom  of  the  sample  clearly  showing  the 
difference  in  particle  content. 


Figure  15:  Metallic  glass  particles  in  MetGlas  composite  showing  poor  interface  between  filler  and  matrix. 
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Results  of  Absorption  Testing 

The  results  of  the  scattering  measurements  and  the  IS1 II  measurements  from  the  metal-backed 
experiments  are  shown  in  the  following  data  sets. 

Figures  16-20  show  the  scattering  parameters  for  both  C-  and  X-band  samples  for  each  material. 
Evidence  of  the  inhomogeneity  of  the  samples  can  be  seen  in  the  figures.  If  the  sample  was 
homogeneous  the  IS  1 1 1  and  IS22I  values  would  be  equal.  The  difference  implies  that  the  plane 
wave  is  interacting  with  two  different  material  faces,  one  being  more  reflective  than  the  other. 
The  higher  the  magnitude  of  IS1 II  or  IS22I  signifies  a  higher  reflectivity  of  that  face  (recalling 
that  the  inclusion  rich  side  is  facing  Port  1).  The  homogeneous  pure  epoxy  sample  did  not 
display  this  behavior. 


Figure  16:  C-band  and  X-band  scattering  parameters  for  P5  material. 


P15:  S-Parameters 


P15:  S-Parameters 


Figure  17:  C-band  and  X-band  scattering  parameters  for  P15  material. 
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Figure  18:  C-band  and  X-band  scattering  parameters  for  M5  material. 


Ml 5:  S-Parameters 


Ml 5:  S-Parameters 
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Frequency  (GHz) 
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Figure  19:  C-band  and  X-band  scattering  parameters  for  M15  material. 
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Epoxy:  S-Parameters  Epoxy:  S-Parameters 


Frequency  (GHz)  Frequency  (GHz) 

Figure  20:  C-band  and  X-band  scattering  parameters  for  pure  epoxy  material. 

Figure  21  through  Figure  25  show  the  measurements  for  the  metal  backed  experiment.  The  plots 
on  the  left  side  show  the  results  when  the  inclusion  rich  side  was  placed  next  to  the  metal 
backing  and  the  right  side  plots  display  the  results  when  the  inclusion  deficit  side  of  the  material 
was  placed  next  to  the  reflection  standard.  Generally,  the  inclusion  rich  side  against  the  reflection 
standard  had  higher  absorption.  This  shows  that  the  inclusion  rich  side  is  reflecting  more  of  the 
signal  before  the  wave  enters  the  material.  This  is  due  to  the  higher  impedance  change  from  air 
to  the  inclusion  rich  side. 


P5:  Inclusion  Rich  Side 


P5:  Inclusion  Deficit  Side 


Figure  21:  C-band  and  X-band  metal  backed  Sll  for  P5  material. 
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P15:  Inclusion  Rich  Side 


Frequency  (GHz) 


P15:  Inclusion  Deficit  Side 


Frequency  (GHz) 


Figure  22:  C-band  and  X-band  metal  backed  Sll  for  P15  material. 


M5:  Inclusion  Rich  Side  M5:  Inclusion  Deficit  Side 
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M15:  Inclusion  Rich  Side 


M15:  Inclusion  Deficit  Side 


Figure  24:  C-band  and  X-band  metal  backed  Sll  for  M15  material. 


Epoxy 


Figure  25:  C-band  and  X-band  metal  backed  Sll  for  pure  epoxy  material. 


DISCUSSION 


The  first  set  of  experiments  confirmed  that  all  the  samples  with  inclusions  were  not 
homogeneous,  as  the  Sll  and  S22  parameters  were  not  equal.  The  first  set  of  the  experiments 
also  showed  which  side  of  the  material  was  more  reflective.  The  second  set  of  experiments 
(metal  backed)  showed  the  absorption  for  each  of  the  materials.  The  inclusion  rich  side  against 
the  reflection  standard  generally  showed  higher  absorption  than  when  the  deficit  rich  side  was 
against  the  absorption  standard. 

Based  on  the  results  of  the  absorption  tests,  it  is  clear  that  the  metallic  glass  particles  absorb  the 
electromagnetic  waves  in  the  region  of  interest.  A  comparison  of  the  two  compositionally 
differing  powders  shows  that  the  P 15  and  M15  samples  absorbed  the  most,  with  peak  absorption 
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between  -25dB  and  -30dB.  The  M15  material  tended  to  absorb  at  slightly  higher  frequency  than 
the  PI 5  material,  with  peak  absorptions  for  each  material  at  7.8  GHz  and  5.5  GHz,  respectively. 
The  P15  material  showed  good  broadband  absorption  (greater  than  -lOdB)  from  4.5  GHz 
(estimation  based  on  extrapolation)  to  6.5  GHz  and  the  M15  showed  good  broadband  absorption 
over  most  of  the  C-band  and  part  of  the  X-band  region  tested  (6-9  GHz).  In  this  range,  the 
material  can  achieve  90%  reflection  loss  [14].  It  is  clear  from  the  data  that  volume  fraction  of 
powder  had  a  larger  effect  on  absorption  performance  than  the  slightly  differing  chemistries  of 
the  two  powders  used.  Both  chemistries  have  absorption  peaks  between  -25dB  and  -30dB.  It  is 
not  known  if  the  slight  chemistry  differences  and  crystallinity  differences  between  the  two 
powders  lead  to  any  of  the  observed  differences  in  absorption  behavior.  If  the  factors  did 
contribute  to  the  differences,  they  appear  to  be  small  based  on  the  data. 

Due  to  the  in-homogeneity  of  the  samples,  the  complex  permeability  and  permittivity  tests  were 
not  able  to  be  conducted.  This  data  would  have  been  helpful  to  have  in  order  to  see  how  the 
metallic  glass  particles  affect  permittivity  and  permeability  of  the  composite.  One  interesting 
result  seen  in  the  absorption  tests  is  that  the  inclusion  rich  side  against  the  metal  plate  showed 
higher  absorption  than  when  the  inclusion  rich  side  was  away  from  the  metal  plate.  This  is  likely 
due  to  the  gradual  difference  in  impedance  as  the  wave  traverses  the  graded  composite  material. 
Increased  absorption  may  be  an  unintended,  but  welcomed,  consequence  of  the  metallic  glass 
particles  settling  during  composite  preparation.  The  inadvertent  formation  of  this  functionally 
graded  composite  seems  to  have  lead  to  a  better  performing  material.  It  is  difficult  to  extract  how 
a  homogeneous  sample  of  this  composite  would  behave  in  similar  testing.  The  graded 
composites  in  this  study  performed  similarly  to  materials  that  performed  well  in  other  results 
presented  in  the  literature  [11,  13,  14,  15].  It  is  also  difficult  to  correlate  the  results  in  these 
waveguide  tests  to  how  the  material  might  behave  in  a  free  space  experiment,  such  as  an 
anechoic  chamber  reflection  experiment. 

Future  work  in  this  area  should  investigate  how  a  homogeneous  material  behaves  in  comparison 
to  a  graded  material.  Other  aspects  that  could  be  investigated  are  alternate  metallic  glass  and 
polymer  compositions,  differing  weight  fractions,  and  thorough  permittivity  and  permeability 
testing.  Once  optimized,  these  materials  could  provide  the  basis  for  radar  absorbing  composites, 
particularly  where  weight  is  not  an  issue,  due  to  the  high  densities  of  cobalt-based  metallic 
glasses. 

SUMMARY 

High  permeability  cobalt-based  metallic  glass  powders  were  fabricated  and  blended  with  epoxy 
to  form  composite  structures.  Microstructural  characterization  of  the  composites  showed  that  the 
metallic  glass  particles  settled  during  curing,  forming  a  functionally  graded  microstructure.  The 
samples  were  then  tested  for  S-Parameter  scattering  parameters  and  absorption  properties  using  a 
waveguide  and  network  analyzer.  The  results  showed  that  the  electromagnetic  scattering  and 
absorption  properties  in  the  upper  C-band  and  X-band  spectrum  were  dependent  upon  the 
metallic  glass  content  at  the  surface.  Sll  scattering/absorption  results  showed  increased 
scattering  from  the  inclusion-rich  side  due  to  high  impedance  changes.  There  was  increased 
absorption  when  the  inclusion-rich  side  was  placed  next  to  the  metal  plate  standard.  Composites 
with  higher  metallic  glass  content  achieved  larger  absorption  levels  (greater  than  -25  dB).  The 
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M15  material  achieved  greater  than  90%  broadband  absorption  in  the  upper  C-band  and  X-band 
spectrum,  6  GHz  to  9  GHz,  while  the  P15  material  achieved  great  than  90%  absorption  from  4.5 
GHz(est)  to  6.5  GHz. 
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